This study aimed to investigate the surface roughness and gloss of composite resins after using two polishing systems and toothbrushing. Six composite resins (Durafill VS, Filtek Z250, Filtek Z350 XT, Kalore, Venus Diamond, and Venus Pearl) were evaluated after polishing with two polishing systems (Sof-Lex, Venus Supra) and after toothbrushing up to 40,000 cycles. Surface roughness (Ra) and gloss were determined for each composite resin group (n=6) after silicon carbide paper grinding, polishing, and toothbrushing. Two-way ANOVA indicated significant differences in both Ra and gloss between measuring stages for the composite resins tested, except Venus Pearl, which showed significant differences only in gloss. After polishing, the Filtek Z350 XT, Kalore, and Venus Diamond showed significant increases in Ra, while all composite resin groups except the Filtek Z350 XT and Durafill VS with Sof-Lex showed increases in gloss. After toothbrushing, all composite resin demonstrated increases in Ra and decreases in gloss.
INTRODUCTION
In dentistry, many commercial composite resins have been introduced into the market. Nano-technologies have been incorporated into dental materials. Nanocomposites are innovative filling materials in restorative dentistry 1) , and are divided into nanofilled and nanohybrid composites. Nanofilled composite resins contain discrete nanoparticles and clusters of nanofillers, whereas nanohybrid composite resins contain nanoparticles together with conventional fillers.
Polishing composite resin restorations is advocated to obtain a smooth and glossy restoration appearance [2] [3] [4] . Rough restoration surfaces can easily accumulate dental plaque and staining substances. Several polishing systems for composite resin restorations are commercially available [3] [4] [5] [6] . Many manufacturers have introduced their own proprietary polishing systems, claiming that these generate a smooth surface with high gloss on composite resins. Polishing systems are described as one-step systems that save time or up to four-step systems that result in high gloss 7, 8) . Polishing systems differ in their types of particle sizes and shapes, and polishing media 9, 10) . It has been demonstrated that increased time spent on finishing and polishing a composite resin creates a restoration with a higher and more durable gloss 3, 11, 12) . The Sof-Lex polishing system, which uses aluminum oxide particles of various grits on polyester discs, is an effective polishing system because of its ability to abrade the composite filler particles and refine the resin surface 5) . A new polishing system, Venus Supra, which employs diamond particles dispersed in silicone rubber, was developed to polish nanohybrid composite resin 3) . The effectiveness of a polishing system is commonly evaluated based on surface roughness, gloss, and scanning electron microscope (SEM) images 7) . The arithmetic average of the surface roughness (Ra), determined using a profilometer, is commonly used to quantitatively describe surface roughness, but it does not describe the appearance of the composite resin surface 4, 13) . Surface roughness exceeding a threshold Ra value of 0.2 µm is claimed to affect plaque accumulation and staining in vitro 2) . Restorations visually appear to be smooth when the surface has a roughness of less than 1 µm Ra 13) . Determination of Ra values in vivo is not possible because the profilometer cannot be used intraorally. However gloss is a feature that can be easily recognized and perceived by both dentists and patients. Gloss characterizes the evenness of the restoration surface 14) . According to the American Dental Association (ADA) professional product review, 40-60 gloss units are identified as a typically desired gloss 15) . SEM observation is frequently used to visualize the morphology of the polished surface 3, 4, 10, 12) . Regression analysis has been used to determine the relationship between Ra and gloss 16, 17) . However, the results varied and were inconclusive.
Restoration surfaces may deteriorate intraorally due to several factors 18) . Toothbrushing is considered a crucial factor affecting the surface roughness and gloss of composite resins 1, [17] [18] [19] [20] [21] [22] [23] [24] . Many investigations have shown the effects of toothbrushing on the surface roughness and gloss of composite resins, in terms of brushing time 12, 20, 22, 25) , brushing force 16, 24) , and abrasivity of the particles contained in toothpaste 23) . surface of a composite resin is easily deteriorated by toothbrushing, the restoration will lose its initial high gloss from polishing in a very short time. Therefore, attempting to achieve a very high restoration gloss after contouring and finishing may not be important.
The relationships between polishing systems and the characteristics of surface roughness and gloss of composite resins after toothbrushing have not been clearly identified. Therefore, the objective of the present study was to investigate the surface roughness and gloss of composite resins after polishing using two polishing systems and after toothbrushing. The null hypothesis was that there would be no significant differences in surface roughness and gloss of each composite resin after polishing using the two polishing systems and toothbrushing.
MATERIALS AND METHODS

Specimen preparation
The six composite resins were selected for the present study according to the types of filler particles and size. Their compositions and manufacturers are listed in Table 1 .
Seventy-two acrylic resin blocks (12×20×10 mm) were prepared using an autocuring resin (Meliodent rapid repair, Heraus Kulzer, Hanau, Germany) in Teflon molds and randomly divided into six groups (n=12). In each group, a cylindrical cavity, 8-mmdiameter and 3-mm-depth, was drilled in the center of each of the acrylic blocks' surface. The cavity was filled with its respective test composite resin and covered with a Mylar strip, which was pressed flush under a glass slide. The composite resin was then light activated with a light curing unit (GC Prima II, GC Corporation, Tokyo, Japan), (light intensity 600 mW/cm 2 ) in contact with the Mylar strip for 40 s. The 12 composite resin specimens of each material, embedded in the acrylic blocks, were wet-ground for 1 min each using P2,400, and P4,000 grit silicon carbide (SiC) paper at 150 rpm on a polishing machine (Nano 2000, Pace Technologies, Tucson, AZ, USA). The specimens were then thoroughly rinsed with tap water, ultrasonically cleaned for 5 min to remove any debris, and dried with compressed air for 20 s. The surface roughness and gloss of the specimens were measured using a profilometer and a gloss meter, respectively. After measuring the SiC ground surfaces, the specimens were randomly divided into two equal Table 2 . Polishing with Sof-Lex discs was performed dry using a handpiece at 8,000 rpm under light pressure and rotational action over the entire composite surface for 20 s. The Venus Supra polishers were used with copious water spray under the same conditions as the Sof-Lex discs. Finally, the polished specimens were rinsed, ultrasonically cleaned, and dried prior to measuring surface roughness and gloss.
Toothbrush testing
After the polished specimens were stored for 7 days in deionized water at 37°C, the specimen blocks were mounted in a toothbrushing machine (V-8 Cross Brushing Machine, SABRI Dental Enterprises, Inc., Villa Park, IL, USA) operating at forth and back brushing strokes of 55 mm and at a frequency of 2 Hz. The specimens were brushed with a vertical force of 2.5 N on the toothbrushes (GUM Classic #411, Sunstar Americas, Inc., Chicago, IL, USA). The specimens and toothbrushes were immersed in containers of toothpaste slurry, prepared using a homogenizer from 50 mL of deionized water and 25 g of toothpaste (Colgate cavity protection, Colgate-Palmolive, Chonburi, Thailand). Following 10,000 (10k) brushing cycles in the toothpaste slurry, the specimens were prepared for surface roughness and gloss determination as previously described. The same specimens were subjected to an additional 10,000 (20k total) and 20,000 (40k total) toothbrushing cycles, with their surface roughness and gloss determined after each additional cycling.
Surface roughness measurement
The Ra value of each specimen was determined using a profilometer (Talyscan 150, Taylor Hobson Ltd, Leicester, England) equipped with an inductive gauge stylus with a 2 µm tip radius. The tracing length was 2 mm, the tracing speed was 500 µm/s, and the cutoff length was 0.25. Five parallel measurements, each 400 µm apart, were performed in two perpendicular directions. The Ra value was calculated as the mean of the 10 measurements of each specimen.
Gloss measurement
Gloss was determined by a gloss meter (IG-331, Horiba, Ltd., Kyoto, Japan) calibrated on a black glass standard provided by the manufacturer. The 60 degree measurement mode was selected. Each specimen was centrally placed over the reading aperture. The light beam was transmitted to the surface of composite resin and reflected to the sensor. The measured area was oval shaped (3×6 mm 2 ). The specimen was measured, rotated 180 degrees, measured again, and the results were averaged.
Scanning electron microscope (SEM) observation
Two representative specimens of each material after SiC grinding, polishing with the two different systems, and after the 10k, 20k, and 40k toothbrushing cycles were selected and sputter-coated with platinum. A SEM (VE-8800, Keyence Inc., Osaka, Japan) was used to observe and take photographs of the samples at an acceleration voltage of 10 kV and a magnification of 1000×.
Statistical analysis
The Ra values and the gloss units of each composite resin were separately analyzed using two-way ANOVA with the measuring stages (SiC grinding, polishing, 10k, 20k and 40k toothbrushing cycles) and polishing systems (Sof-Lex and Venus Supra) as main factors, followed by Tukey's post-hoc comparisons (p<0.05). Additionally, the relationship between log [Ra value] and log [gloss units] was analyzed using linear regression.
RESULTS
The results of two-way ANOVA of the Ra value and gloss units of each composite resin are shown in Table 3 . For Ra, the main factor of the measuring stages of all groups except for the VEP group was significant (p<0.01), but that of polishing system and their interaction were not. Therefore, the data of both polishing systems were pooled. The Ra values of each composite resin at each measuring stage were analyzed using the Tukey's posthoc test comparison test and are shown in Table 4 . After polishing, the Ra values of the Z350, KAL, and VED groups significantly increased (p<0.05), while those of the remaining composite resins did not significantly increase. The Ra values of the DUR, KAL, and VED groups showed an increase after each toothbrushing cycle, while those of the Z250, Z350 and VEP groups showed little to no change. The data of both polishing groups, Sof-Lex and Venus Supra, were pooled due to the existance of significant differences only in measuring stage.
Values with the same superscript letters in each row were not statistically significant differences at p≥0.05. mean (S.D.), n=6 26 (7) a * represent the data of both polishing groups, Sof-Lex and Venus Supra, were pooled due to the existance of significant differences only in measuring stage.
Values with the same superscript letters in each row were not statistically significant differences at p≥0.05. mean (S.D.), n=6 The results of two-way ANOVA of gloss units indicated that the main factor of the measuring stages of all composite resins was significant (p<0.01), while polishing systems showed a significant difference (p<0.01) only for Z250. DUR and Z250 also were significantly different (p<0.05) in the interaction (Table  3) . Therefore, the gloss unit results, except those of DUR and Z250, were pooled and analyzed with the Tukey's post-hoc comparison test at each measuring stage, with the results shown in Table 5 . Polishing significantly increased (p<0.05) the gloss units of all composite resins except for the Z350 and the DUR with Sof-Lex polishing group. Toothbrushing decreased the gloss unit of all composite resins. The gloss units gradually decreased with increased toothbrushing cycles.
SEM images of each composite resin after polishing with Sof-Lex or Venus Supra, and after 40k brushing cycles are shown in Fig. 1 . The DUR samples (Fig. 1  A1, 3 ) demonstrated shallow scratches produced on the surface by polishing with either system, while scattered deep scratches were observed on the surface of the KAL and VED samples polished with Sof-Lex ( Fig. 1 D1 and  E1) . Large sized prepolymerized particles of the DUR sample ( Fig. 1 A2, 4) , KAL samples ( Fig. 1 D2, 4) , and VED sample (Fig. 1 E2, 4) glass filler particles were seen on their respective specimen surfaces after 40k brushing cycles. Minor scratches produced by polishing were detected on the Z250 samples (Fig. 1 B2, 4) and small filler particles were seen on the surface after toothbrushing. The surface of the Z250 samples polished by Venus Supra (Fig. 1 B3) appeared to be smoother than those polished by Sof-Lex (Fig. 1 B1) . The surfaces of the Z350 and VEP samples (Fig. 1 C1, 3 and F1, 3 ) polished with either system were relatively smooth. After toothbrushing, the surfaces of the Z350 and VEP samples (Fig. 1 C2, 4 
DISCUSSION
The present study investigated the surface roughness and gloss of composite resins after polishing with two polishing systems and being subjected to toothbrushing. Statistical analysis indicated significant differences in Ra values and gloss units of each composite over the measuring stages, except for the Ra value of VEP. Therefore, the null hypothesis was rejected for gloss units and partially rejected for Ra values.
In the present study, six composite resins were selected based on filler concepts in each composite resin. DUR and Z250 were representatives of conventional microfilled and microhybrid composite resin, respectively. Z350, consisting of nanoparticle and nanocluster, was the nanofilled composite resin. KAL, VED and VEP were nanohybrid composite resins.
Abrasive SiC paper was used to pre-grind the surface of the composite resins as a baseline reference. This was done to mimic the best possible clinical finishing as the starting point. With the very smooth surfaces after finishing, it was anticipated that we could observe the effectiveness of the finest polishing stage in improving Ra and gloss.
The two polishing systems used in our study, SofLex and Venus Supra, were chosen because they both contain approximately the same abrasive particle size. However, they differ in polishing medium (aluminum oxide or diamond), base substrate material (polyester or silicone), and usage conditions (without or with water spray). Therefore, we expected the polished composite resin surfaces to show differences in roughness and gloss after using these systems. The finest polishing steps of the systems were chosen for polishing the surface. The resin surface after SiC grinding was sufficiently smooth, thus it was unnecessary to use any coarser polishing steps of the systems.
In the present study, the design of the toothbrushing wear protocol followed the ISO technical specification 25) on brushing force, using a maximum force of 2.5 N as defined in previous studies 11, 21, 26) . Other studies have used 1 N 17) , 1.7 N 19) , 2 N 12,16) , or 5 N 10,22) depending on their purposes. The 1 N force was utilized to simulate the applied force during toothbrushing. In contrast, the 5 N force was utilized to accelerate wear in the brushing simulator.
Soft bristle type toothbrushes were selected for use in our study per a previous study 27) . Differences in toothbrush bristle stiffness have demonstrated minimal effect on composite resin wear 22) . However, the medium used with brushing can have an effect on wear. A study demonstrated that six-hour brushing with water caused less abrasion on composite resin than one hour brushing with toothpaste 18) . Furthermore, the type of toothpaste is a crucial factor in the rate of composite resin surface deterioration. Toothpastes containing less abrasive particles may slow the rate of gloss reduction with less increase in the surface roughness of composite resin 7) . Colgate toothpaste was used in the present study because it is common and popular in Thailand.
A high number of toothbrushing cycles are necessary to produce an unequivocal effect on the roughness and gloss of composite resin. However, it is unclear how the number of toothbrushing cycles used in in vitro testing relates to quantifying toothbrushing wear in vivo. A study suggested that 36,000 strokes (18,000 cycles) equated to three years in vivo 19) and another suggested 5,760 strokes (2,880 cycles) was the same as one year in vivo 23) . Studies have also suggested 10,000 cycles could be interpreted as one year in vivo 3, 22) . Therefore, the 40k brushing cycles used in the present study can be assumed to simulate 4 to 13.8 years in vivo.
Many parameters have been used to evaluate surface morphology. Some investigators measured the volume loss from surface wear 22, 26) . In the present study, three parameters were chosen for evaluating the alteration in surface morphology after polishing and toothbrushing. Surface roughness (Ra) is an important laboratory parameter based on the depth of the scratches present on a material's surface. However, differences in Ra can only be discriminated by patients when the difference is over 0.5 µm 28) . The surface roughness of enamel to enamel contact areas, which is considered as an appropriate standard for comparing a restoration to enamel, is 0.64±0.25 µm 29) . Surface gloss is a parameter that is more clinically perceptible to clinicians and patients. However, high initial gloss does not ensure long term gloss retention 11) . SEM also provides an overall understanding of the surface morphology. Therefore, it is suitable to evaluate surface characteristics both quantitatively and qualitatively.
For Ra, the statistical analysis indicated a slight but significant increase in roughness after polishing for several of the composite resins in the present study. This might be attributed to the relatively equal polishing particle size contained in P4000 SiC paper (average particle size 3 µm), and the Sof-Lex (3 µm) and Venus Supra (4-8 µm) systems. These results are in partial agreement with a previous study that suggested surface roughness was comparable when polishing particles less than 12 µm in size were used 30) . Following the toothbrushing cycles, the Z250, Z350, and VEP samples maintained their Ra, while the DUR, KAL, and VED samples showed an increase in Ra. This may be due to the smaller filler particles in the Z250, Z350, and VEP samples, which are easily exfoliated during abrasive wear of the resin matrix by the toothpaste slurry compared to the large, irregular shapes of the prepolymerized particles and glass filler particles in the DUR, KAL, and VED samples, which are less able to be abraded and exfoliated 24, 27) . The SEM images confirmed that large filler particles were present on the surfaces of the DUR, KAL, and VED samples after 40k brushing cycles. However, the Ra values of all composite resins at each measuring stage were less than 0.2 µm, similar to that of a previous study 17) . This suggests that the surface roughness after toothbrushing would not be susceptible to plaque accumulation and staining as proposed by Bollen et al. 2) . ADA specifications state that after polishing the gloss units of composite resin range from 40-60 15) . Our study found that after SiC grinding, the gloss units of several composite resins was below 60. However, the gloss units of all composite resins increased and exceeded 60 after polishing with the two polishing systems. This demonstrated the effectiveness of the polishing systems in obtaining high gloss on the composite resin surfaces. Smaller polishing particle sizes of < 9 µm as found in these systems can generate improved gloss of composite resin 30) . The small particle size resulted in an increase in gloss units after polishing, while Ra remained stable after polishing. After toothbrushing, all composite resins showed a reduction in gloss units except for the Z350 samples, which retained their gloss units up to 40k brushing cycles. The small filler particles of the Z350 samples likely caused a decrease in diffuse reflection resulting in a glossy appearance 12, 30) . The spherical shaped filler particles of the Z350 samples might also be a factor in high light reflection compared to the irregular filler particles of the DUR, KAL, and VED samples 11) . The results of the present study indicate that nanofilled composite resin, such as Z350, is the composite resin of choice for use in the esthetic zone because it can retain both Ra value and gloss after 40k cycles of toothbrushing. However, the use of nanohybrid composite resins, such as KAL and VED, should be carefully considered due to the easy loss of gloss from toothbrushing. Interestingly, neither polishing system caused a marked reduction in Ra but generated in an increase in gloss of the composite resins. This suggests that both polishing systems were only effective in improving gloss. Thus, in non-esthetic zones such as class I and II restorations, extensive polishing of the composite resin surface may not be indicated because the Ra values after SiC grinding were below 0.2 µm, which would not promote plaque accumulation and staining 2) , and also well below 0.64 µm, which is the average roughness value of enamel 29) . Despite the increase in Ra values following toothbrushing, the differences in Ra values between the polished resin and after 40k brushing cycles were less than 0.5 µm, which is the threshold for detection by a patient 28) . However, Ra values from different studies cannot be directly compared because different studies used different profilometer settings and experimental designs.
A negative correlation between Ra value and gloss units has previously been reported 16, 21, 24) , and this was confirmed by the present study. Although a previous study reported a strong correlation between Ra values and gloss units 16) a subsequent study demonstrated a weak correlation 17) . Therefore, this remains unresolved and clarification is needed regarding this issue.
The results from the present study only provide information on the surface properties (Ra and gloss) of composite resins after treatment in a simulated brushing machine. Comparing Ra, gloss, and surface wear might be another desirable and valuable approach for better understanding the surface characteristics of composite resins. Finally, long-term clinical observations of restorations in service would provide information on the in vivo outcome.
CONCLUSION
Within the limitations of this study, it can be concluded that both polishing systems, Sof-Lex and Venus Supra, were comparably effective in creating a high gloss on the composite resins tested in this study. Polishing with Sof-Lex or Venus Supra after SiC grinding provided significant increases in gloss units, but the difference between the two systems was marginal. Toothbrushing up to 40k cycles caused a significant increase in Ra of all the composite resins tested except VEP and Z250. Toothbrushing up to 40k cycles caused a significant decrease in gloss units of all the composite resins. Z350, nanofilled composite resin, is the composite resin of choice for use in the esthetic zone because it can retain both Ra value and gloss after 40k cycles of toothbrushing.
